Drought and its interaction with high temperature are the major abiotic stress factors affecting soybean yield and production stability. Ongoing climate changes are anticipated to intensify drought events, which will further impact crop production and food security. However, excessive water also limits soybean production. The success of soybean breeding programmes for crop improvement is dependent on the extent of genetic variation present in the germplasm base. Screening for natural genetic variation in drought-and flooding tolerance-related traits, including root system architecture, water and nitrogen-fixation efficiency, and yield performance indices, has helped to identify the best resources for genetic studies in soybean. Genomic resources, including whole-genome sequences of diverse germplasms, millions of single-nucleotide polymorphisms, and high-throughput marker genotyping platforms, have expedited gene and marker discovery for translational genomics in soybean. This review highlights the current knowledge of the genetic diversity and quantitative trait loci associated with root system architecture, canopy wilting, nitrogen-fixation ability, and flooding tolerance that contributes to the understanding of drought-and flooding-tolerance mechanisms in soybean. Next-generation mapping approaches and high-throughput phenotyping will facilitate a better understanding of phenotype-genotype associations and help to formulate genomic-assisted breeding strategies, including genomic selection, in soybean for tolerance to drought and flooding stress.
Introduction
The current rapid and continuous changes in climatic conditions increase the frequency of extreme weather, including higher temperatures, altered precipitation patterns, and repeated occurrence of drought in global agricultural areas. This can cause significant damage to crop production and global food security. Global-scale effects of droughts, floods, and extreme temperatures have caused substantial decreases in crop production over the past several decades (Boyer, 2013; Lesk et al., 2016) , and this will hamper the achievement of the goal of 70-100% more food production by 2050 to feed a world population of ~9 billion. The National Aeronautics and Space Administration (NASA) weather simulation models predicted an alarming 30% increase in heavy precipitation events by the year 2030 (Rosenzweig et al., 2002) , and recent projections claim that global exposure to floods will increase depending on the degree of warming (Hirabayashi et al., 2013) .
Climatic variation models project yield losses for major crops such as maize (Zea mays), wheat (Triticum aestivum), rice (Oryza sativa), and soybean (Glycine max) in regions with irregular weather patterns, despite the progressive increase in yield through breeding and management practices since the 1960s (Iizumi et al., 2013; Lobell et al., 2014; Rosenzweig et al., 2014) . The World Bank (2015) proposed to implement climate-smart agriculture to address the challenges in global crop production in view of the increasing population.
Soybean is an important leguminous crop widely used for human food, animal feed, biofuel production, and many other products owing to its high protein and edible oil content. Soybean has more protein and oil and fewer carbohydrates than other leguminous crops. Soybean is the fourth leading crop and the first leading legume crop produced globally; it is grown on an estimated 6% of the world's arable land. The recent increase in production clearly shows the increased demand for soybean oil and high-protein meal. Global soybean production was 17 million metric tons in 1960 but reached 320.2 million metric tons in 2015. According to United States Department of Agriculture (USDA) Agricultural Projections to 2025, world trade in soybeans is projected to increase by 22%, that in soybean meal is projected to increase by 20%, and that in soybean oil is projected to increase by 30% (Wescot and Hansen, 2016) .
Soybean yield losses of 40% due to drought are common (Specht et al., 1999) , and these losses are greater when moisture stress occurs during both the vegetative and the reproductive stages. Drought stress during the vegetative stage affects soybean leaves, which begin to curl or drop, leading to reduced plant growth with considerable leaf loss and yield reduction. Soybeans are most susceptible to drought injury during the reproductive stages. Under drought stress, soybeans in the early reproductive stages have increased flower and pod abortion; in later reproductive stages, prolonged drought results in small pods that have fewer, smaller, and more shrivelled seeds than normal (Boyer, 1983) .
Flooding ranks second after drought among the abiotic stresses causing the greatest economic losses in soybean (Mittler, 2006; Valliyodan et al., 2014) . Flooding stress causes yield losses by reducing root growth, shoot growth, nodulation, nitrogen fixation, photosynthesis, biomass accumulation, stomatal conductance, and nutrient uptake; it causes plant death through disease (Oosterhuis et al., 1990; VanToai et al., 1994) . Flooding stress can be categorized as submergence or as waterlogging stress. Submergence stress is often seen in wetland crops (e.g. rice), whereas waterlogging stress is common in dryland crops including soybean and maize. Waterlogging in soybean during early vegetative or reproductive growth, for periods as short as 2 days in a clay soil, has been shown to reduce yield by as much as 27% (Linkemer et al., 1998; Tamang et al., 2014) .
Stress-tolerant plants have evolved through natural selection by acquiring acclimation and adaptation mechanisms. Stress tolerance-related traits that contribute to stable yield under stress are usually similar across species. Exotic and wild relatives that grow in a wide range of geographical areas and climatic conditions often possess better stress-tolerance characteristics than cultivars (Mickelbart et al., 2015) . Introducing these stress-tolerance traits into crop germplasm is essential to improve diversity and to support the sustainability of crop production during the current patterns of extreme climatic shifts. This can be achieved by discovering tolerant genetic resources from natural genetic variation and incorporating these factors into elite germplasm (Foyer et al., 2016) . The utilization of naturally occurring variation is key in plant breeding to improve crop performance in the field. With the assistance of genomic strategies, DNA elements (genes or markers) from natural genetic variation that underlie or are associated with stress tolerance can be identified and expeditiously transferred into current germplasm by marker-assisted selection (MAS) and genomic selection during breeding. These key genetic elements can be identified through quantitative trait locus (QTL) mapping, association mapping, and genome-wide association studies (GWAS) (Takeda and Matsuoka, 2008; Varshney et al., 2015) . Further characterization of genes underlying natural genetic variation in water stress tolerance will increase understanding of specific biological mechanisms regulating this tolerance and will significantly impact the translation of this knowledge to crop improvement programmes. The application of advanced technologies in whole-genome sequencing and high-throughput phenotyping can facilitate detailed investigation of genetic diversity and the discovery of key loci/haplotypes underlying stress tolerance. In addition, adaptation of next-generation breeding strategies, including breeding-by-design and genomic selection, will accelerate the development of stresstolerant soybean varieties with improved yield. In this review, we highlight the analysis of natural genetic variations that improve drought and flooding tolerance, as well as discovery of the QTLs/genes/haplotypes and DNA markers associated with these natural variations in soybean. We also summarize the use of genomic strategies and new phenotyping technologies for the discovery of natural genetic variation in stress tolerance and for breeding drought-and flood-tolerant soybean varieties with improved performance and yield stability.
Genetic diversity, QTLs, and genes for drought and flooding tolerance
Drought tolerance
Drought tolerance is the ability of plants to survive, grow, and reproduce under water-deficit conditions (Turner, 1978) . Plants have evolved three types of adaptive mechanisms for resistance to drought stress: drought escape, drought avoidance, and drought tolerance (Nilsen and Orcutt, 1996) . The escape mechanism refers to the induction of shorter life cycles in response to drought stress, and it usually leads to a large reduction in seed production. The avoidance mechanism is characterized by the maintenance of a favourable water status under drought either by enhancing the water uptake capacity of roots, by limiting water loss from leaves through reduced stomatal conductance, or by reducing leaf absorption of radiation by leaf rolling or folding. Drought tolerance is accomplished through various physiological adaptations such as osmotic adjustment, increasing cell plasticity, decreasing cell size, or altering the rate and efficiency of photosynthesis (Taji et al., 2004) . During drought stress, plants simultaneously employ multiple mechanisms, including morphological modifications, physiological adaptations, and biochemical changes, to resist drought (Jones et al., 1981; Valliyodan and Nguyen, 2006) .
In crops, drought tolerance means not only the ability of plants to survive under water-deficit conditions, but also, more importantly, the production of a higher yield during periods of stress than a non-tolerant crop or cultivar (Fleury et al., 2010) . Therefore, the emphasis on drought tolerance in crops is placed increasingly on traits that constitutively enhance yield stability rather than on characteristics that enhance plant survival under extreme drought (Bartels et al., 2006; Blum, 2009; Passioura, 2010; Sinclair, 2011) . These secondary traits are highly correlated with yield under drought stress and have no yield penalties under non-stress conditions. Evaluation of these drought-tolerance traits should be rapid, accurate, and inexpensive. These secondary traits should integrate higher levels of organisms, such as the whole canopy rather than a single leaf. Many of these secondary traits, such as early seedling vigour (Asseng et al., 2003; Richards, 2006; Rebetzke et al., 2007; Anandan et al., 2016) , root system architecture (RSA) (Bolaños and Edmeades, 1993; Uga et al., 2013; Prince et al., 2015; Aceves-García et al., 2016) , carbon isotope discrimination (Turner, 1997; Condon et al., 2002; Tambussi et al., 2007; Ellsworth and Cousins, 2016) , canopy temperature depression (Blum, 1988; Ludlow and Muchow, 1990; Reynolds et al., 2007 and 2009; Pinto and Reynolds, 2015) , changes in photosynthesis (Tuinstra et al., 1998; Thomas and Howarth, 2000; Shukla et al., 2004; Feller, 2016) , canopy wilting (Sloane et al., 1990; Carter et al., 1999 and Hwang et al., 2015) , and nitrogen (N) fixation under drought stress (Djekoun and Planchon, 1991; Sinclair and Serraj, 1995; Sulieman et al., 2015; Sadras et al., 2016) , have been discovered in crops. In soybean, the secondary traits for drought tolerance focus primarily on RSAs, slow canopy wilting, and sustained N fixation under drought (Fig. 1A) .
A simulation analysis model predicted that slow canopy wilting and sustained N fixation can improve yield under drought by >75% and 85%, respectively (Sinclair et al., 2010) .
Root system architecture and anatomy
The root system of a plant is defined by its shape and the physical space that it occupies within the growth medium; this is referred to as the RSA. The RSA is determined by interactions between genetic and environmental factors, making it highly plastic and able to respond to rapid environmental changes such as a water deficit or waterlogging. The importance of a deep and heavy root system for yield potential and drought tolerance has been recognized repeatedly in crops, including rice (Kato et al., 2006; MacMillan et al., 2006; Steele et al., 2006; Bernier et al., 2009; Uga et al., 2013) , rain-fed rice (Nguyen et al., 1997; Price and Tomos, 1997; Ali et al., 2000; Babu et al., 2003) , maize (Tuberosa et al., 2002; Giuliani et al., 2005; Hammer et al., 2009; Landi et al., 2010; Hund et al., 2011) , barley (Hordeum vulgare) (Forster et al., 2005) , wheat (Manschadi et al., 2006; Wasson et al., 2012) , chickpea (Cicer arietinum) (Varshney et al., 2011; Chen et al., 2012) , and soybean (Hudak and Patterson, 1995; Pantalone et al., 1996; Sadok and Sinclair, 2011; Prince et al., 2015) . Shallow rooting systems, such as those with more fibrous roots and more branching, can occupy a greater topsoil volume than taproot systems to take in water and nutrients. Shallow systems benefit from climates with regular rainfall during the growing season. In contrast, taproots play a crucial role in water uptake from deeper in the soil. Deep rooting is a complex trait that is affected by growth angle and total root length (Araki et al., 2002) . Root angle determines the direction of distribution, horizontal or vertical, in the soil strata, and acts as an adaptive trait for drought avoidance in sorghum (Sorghum bicolor) (Mace et al., 2012) , wheat (Christopher et al., 2013) , and rice (Uga et al., 2013) . Root angle has also been found to correlate with the total rooting depth in rice (Kato et al., 2006) , chickpea (Sayar et al., 2007; Kashiwagi et al., 2015) , and sorghum (Singh et al., 2011) . Genetic studies on root angle have revealed it to have high heritability across environments, with a narrow root angle reducing the energy input required for increased soil exploration to access water deeper in the soil during limited rainfall (Wasson et al., 2012; Meister et al., 2014) . The first gene found to control natural variation in root angle, DEEPER ROOTING 1 (DRO1), has been cloned in rice, resulting in their responding to gravity by inducing narrower root angles and deeper rooting systems (Uga et al., 2013) . DRO1 had no effect on yield under non-stress conditions but increased yield 2-fold under moderate and severe drought stress (Uga et al., 2013) . In addition to deeper rooting and narrower root angle, drought stress also induces plastic responses of root systems by increasing the number of fibrous roots, decreasing lateral root diameter, and altering root biomass (Nielsen et al., 1997; Osmont et al., 2007; Meister et al., 2014; Salazar-Henao et al., 2016) . Alterations to root anatomy, such as natural variations in aerenchyma formation in maize (Lynch, 2011; Burton et al., 2013) , decrease the metabolic cost per length of root. This allows for improved soil exploration, with minor shifts in allometry to compensate for water shortages while maintaining normal physiological processes (Addington et al., 2006; Maseda and Fernández, 2006) .
In soybean, increased root growth has been found to alleviate the effects of plant drought stress (Hoogenboom et al., 1987) . Improved RSA, including longer, deeper roots and more extensive fibrous rooting, was shown to improve the total root length and coverage of soil volume, which can improve exploration for water and nutrients. Natural variations in RSA have been reported in soybean, which is important for breeding drought-tolerant soybean (Carter, 1989) . In a field evaluation of a drought-tolerant Japanese landrace, plant introduction (PI) 416937, the drought-tolerant phenotype was thought to be due to extensive fibrous rooting networks and exploitation of a large total soil volume . Further genetic studies revealed that the fibrous rooting trait was quantitatively inherited in soybean (Pantalone et al., 1996) . Through our recent screening of a core set of the USDA Germplasm Collection, several additional exotic soybean accessions (Table 1) have been found to have better RSA, with root stress inducing extensive fibrous rooting, increased root length, or narrow root angle, which can be correlated with a deeper and larger rooting system. Diversity was also observed in soybean root anatomy. Rincon et al., (2003) discovered diverse root anatomical traits in six soybean lines; this diversity influenced water movement through the root systems. Examination of the root anatomy of 41 soybean lines showed the number of metaxylem elements in roots to be correlated with drought tolerance in soybean. Promising lines with larger numbers of metaxylem elements under drought conditions are listed in Table 1 ; these include PI 427136, 4J105-3-4, and CL0J1760-6-8. During drought stress, soybean plants tend to develop more metaxylem elements, and drought-tolerant lines develop significantly more than drought-sensitive lines (unpublished data).
QTL mapping for RSA traits has been reported for many crops, including rice, wheat, and maize (Tuberosa et al., 2002 (Tuberosa et al., , 2003 Zhang et al., 2003; Giuliani et al., 2005; Courtois et al., 2009; Atkinson et al., 2015) , with less work done in legume species, particularly soybean ( Fig. 2 ). Abdel-Haleem et al., (2011) identified five loci associated with fibrous rooting systems in an interspecific mapping population between Benning and PI 416937 (Table 2 ). These QTLs, with phenotypic R 2 contributions of 0.07-0.14, were identified though the evaluation of 240 F 6:7 recombinant inbred lines (RILs) under rain-fed conditions in one target environment over two growing seasons. Four of the five QTLs had donor alleles from PI 416937, the parent with an extensive fibrous rooting system (Table 2) . Prince et al. (2015) identified four QTLs associated with increased surface area and root size in a population utilizing wild soybean (G. soja) as a source to Lines that have promising performance for the corresponding traits. In parentheses, the subspecies information is described as 'max' for Glycine max, 'soja' for Glycine soja, and 'elite' for recent high-yielding cultivars or germplasm lines. improve the genetic basis for soybean RSA. The favourable alleles came from the wild parent, PI 407162, and improved the plants ability to form fibrous roots as well as the size of individual roots within the whole system, indicating that it is possible to increase genetic diversity in current cultivars by reintroducing favourable alleles, lost during domestication, from wild soybeans ( Table 2) . Some historic soybean cultivars were also found to contain favourable alleles for root traits. For example, one QTL cluster was identified for both root length and lateral root number through linkage mapping in a bi-parental population with donor alleles from Dunbar (Table 2 ; Manavalan et al., 2015) . Some rare alleles identified recently were found to promote root growth and could be used to improve drought tolerance. The GWAS of 252 phenotypically diverse soybean germplasms identified one single-nucleotide polymorphism (SNP) causing more profuse lateral rooting; only one line harboured the favourable genotype at this SNP (unpublished results). Further screening of the USDA Germplasm Collection showed the frequency of the favourable allele at this locus to be approximately 0.5%, suggesting that the favourable allele was the result of a recent mutation and phenotypes with this trait have not been extensively selected (unpublished results). The candidate gene at this locus was named Glycine Lateral Root 1 (GLR1). GLR1 encodes a leucine-rich protein, and it has been confirmed to increase lateral root numbers in transgenic root hair studies (Table 2) . Although several QTLs for RSA have been identified and tightly linked DNA markers have been developed (Table 2) , the relationships between these QTLs and drought tolerance have not been evaluated. Therefore, the next step Table 2 for RSA, Table 3 for canopy wilting and N fixation under drought, and Table 4 for flooding tolerance. is to pyramid the favourable alleles of these QTLs into elite backgrounds and evaluate their effects in drought tolerance, specifically for yield stability under drought.
Root phenotyping
High-throughput phenotyping of RSAs has focused on fieldbased approaches in crops such as maize (York and Lynch, 2015) , rice (Wissuwa et al., 2016) , and wheat (Richard et al., 2015) . With a recent shift from studying vegetative-stage root traits (Manavalan et al., 2015 , Prince et al., 2015 to more field-based reproductive-stage research (Burridge et al., 2016) in legume species, knowledge and understanding of the role RSA plays in tolerance has improved. The difficulties of digging plants for a large number of genotypes using a 'Shovelomics' (Traschel et al., 2011) approach has been offset by the development and application of high-throughput image analysis platforms such as digital imaging of root traits (DIRT) (Bucksch et al., 2014; Das et al., 2015) . The adoption of image analysis of vegetative root systems for field-grown plants during the reproductive stages is gaining prevalence in legumes, including soybean.
Slow canopy wilting under drought
Geneticists, physiologists, and breeders have made efforts to discover secondary traits associated with drought tolerance in soybean by screening for drought tolerance on a large scale. In 1990, slow canopy wilting under water-deficit conditions was observed in PI 416937, a Japanese drought-tolerant landrace in maturity group (MG) IV (Sloane et al., 1990) . The slow canopy wilting phenotype indicated that PI 416937 was less susceptible to drought stress than other lines in the field. A higher root score, larger root surface, increased number of nodules, and greater nodule dry weight were observed in this plant introduction than in drought-sensitive checks (Hudak and Patterson, 1995; Pantalone et al., 1996) . This suggests that slow canopy wilting may be achieved through improvements to the root system that allow for enhanced access to water resources. In addition to having a better root system, PI 416937 could maintain a constant transpiration rate under a vapour pressure deficit >2.0 kPa, allowing it to retain better yield potential under drought stress than genotypes showing fast canopy wilting ( Fletcher et al., 2007; Tanaka et al., 2010; Ries et al., 2012) . Another line with the slow canopy wilting phenotype (PI 471938), an MG VI from Nepal, was also identified in the 1990s (Carter et al., 1999 and . This line exhibited a different physiological mechanism, maintaining higher leaf turgor levels than were seen in PI 416937 (Sadok et al., 2012) . Later, two additional slow canopy wilting landraces (PI 567690 and PI 567731), both MG III, were identified by evaluating a core set of 250 soybean germplasm lines that offered breeding materials for early MGs (Pathan et al., 2014) . The physiological mechanisms observed in these two lines were similar to those of PI 416937 (unpublished results). Since the 1990s, the slow canopy wilting phenotype has been used as an indicator to screen for drought resistance in soybean (Charlson et al., 2009) , and several drought-tolerant elite lines for southern USA MGs (V-VIII) have been developed from these screenings ( Table 1 ; Devi et al., 2014) . Genetic mapping aided in the identification of genomic regions associated with slow canopy wilting traits (Fig. 2) . In linkage mapping in five bi-parental populations with 15 siteyears, a total of 13 genomic regions or QTLs (Table 2) were mapped to be associated with canopy wilting under drought, with varied phenotypic contributions (R 2 0.04-0.29), and the majority of these QTLs (11/13) have donor alleles for slow wilting phenotypes from PI 416937, cultivar Jackson, or both (Charlson et al., 2009; Abdel-Haleem et al., 2012; Hwang et al., 2015) . Among the 13 QTLs, eight (Table 2) were further confirmed and their confidence intervals were refined through Meta-QTL analysis using mapping results from the 15 siteyears and five populations (Hwang et al., 2016) . DNA markers associated with the QTLs can be used to perform MAS to recover the slow canopy wilting phenotypes from the original PIs in elite backgrounds (Table 2) . However, one challenge that breeders face in using these QTLs is the complex, quantitative nature and sensitivity to environmental factors of canopy wilting under drought. Most of the mapped QTLs were found to be unstable across independent environments and populations. For instance, the major QTL on chromosome (Chro.) 12 (R 2 = 0.27) were mapped in all five environments from Benning × PI 416937 (Abdel-Haleem et al., 2012) but were not detected in any populations or site-years, including the Benning × PI 416937 cross reported by Hwang et al. (2015) . For this reason, QTL confirmation in more advanced generations or in near-isogenic genetic backgrounds, such as BC n F 2 , should be performed to validate each individual QTL. This also indicates that stacking all confirmed QTLs in the same elite background by MAS or genomic selection is necessary to build the drought tolerance shown in the original PIs.
Sustained N fixation under drought
N fixation in legumes is highly sensitive to drought stress (Djekoun and Planchon, 1991; Adams et al., 2016) . The N fixation activity of grain legumes [soybean and cowpea (Vigna unguiculata] that transport ureides from nodules to shoots is more sensitive to drought stress than those [peanut (Arachis hypogaea) and chickpea] that transport fixed nitrogen as amides (Sinclair and Serraj, 1995) . In the ureide transport system, ureides tend to accumulate in leaves and nodules during drought stress and cause indirect feedback inhibition of nitrogenase activity to suppress N fixation activity (Serraj et al., 1999 and Vadez et al., 2000; Ladrera et al., 2007) . The mechanisms of ureide accumulation in shoots, which down-regulates N fixation, have not been well elucidated. Relative ureide and nitrogen contents in shoots have been found to be reliable indicators of the nitrogen-fixation activity in soybeans and reflect whether the plant is being subjected to drought stress (Sinclair and Serraj, 1995; Serraj et al., 1999 and . The measurement of ureides and nitrogen content is performed by colorimetric (Young and Conway, 1942) and 15 N isotope (McClure et al., 1980) methods, which are much easier to perform than yield evaluation under drought.
Shoot ureide concentration has been used to indicate whether nitrogen-fixation activity is correlated with drought tolerance (de Silva et al., 1996; Serraj et al., 1997; Purcell et al., 1998) . The variety Jackson was found to maintain nitrogen-fixation activity under water-deficit conditions and to have low leaf ureide concentrations (Sall and Sinclair, 1991; Sinclair, 1996a and 1996b) . The two slow canopy wilting lines, PI 416937 and PI 471938, were also found to be able to sustain nitrogen fixation under waterdeficit conditions during the pod-filling period Sadok et al., 2012) , which confirmed that slow canopy wilting under drought is a reliable indicator of drought tolerance in soybean. Sinclair et al. (2000) screened 3081 soybean PIs for sustained nitrogen fixation under drought stress in three steps. First, shoot ureides were evaluated under drought conditions and 207 PIs were selected for evaluation of total nitrogen content. Among these 207 PIs, 28 extreme lines were selected for evaluation of the actual nitrogen-fixation rate by assaying acetylene reduction (Serraj and Sinclair 1996b) . Finally, eight PIs were identified as having enhanced performance in sustained nitrogen fixation under drought (Table 1) . These soybean genotypes have all been used in breeding programmes to develop drought-tolerant elite lines (Table 1; Devi et al., 2014) .
The QTLs associated with shoot ureide and nitrogen concentrations have been mapped using linkage mapping in biparental populations and GWAS in diverse lines (Fig. 2) . Two QTLs on Chro. 9 and 19 for shoot ureide concentration and two QTLs on Chro. 13 and 17 for shoot nitrogen concentration were identified under water stress; these have R 2 ranging from 0.11 to 0.31 (Table 2 ; Hwang et al., 2013) . Two QTLs (Gm19 and Gm13) have donor alleles from Jackson and the other two (Gm09 and Gm17) have donor alleles from KS4895 (Table 2 ; Hwang et al., 2013) . More QTLs for shoot ureide and nitrogen concentrations were identified under irrigated conditions. However, no QTL was found to be associated with both stress and non-stress conditions, indicating that soybean employs different mechanisms to regulate nitrogen fixation under drought and non-stress conditions. GWAS was also performed for both shoot ureides and nitrogen concentrations in 374 diverse MG IV soybean accessions using >31 000 SNPs from the SoySNP50K database; 54 and 19 putative loci were identified as being associated with shoot ureide concentration and nitrogen concentration , respectively. However, the water-deficit conditions were not well defined in the GWAS, and the putative loci cannot be associated directly with drought tolerance. The large number of associated loci found through GWAS also indicates the difficulties in breeding for nitrogen fixation and the shortcomings of MAS strategies. Genomic selection could be a better strategy for phenotypic selection for sustained nitrogen fixation under drought stress.
Flooding tolerance
Recent climate changes, with a predicted 30% increase in heavy precipitation by 2030, indicate that flooding stress will be more severe in the future. The main effect of flooding stress is the lack of oxygen in submerged plant tissues; this damages the tissues, reducing normal growth and nutrient/water uptake. Plants have evolved tolerance mechanisms to adapt to short-term flooding stresses imposed by nature. These tolerance mechanisms can shift metabolism from aerobic to anaerobic pathways. Plants that can withstand waterlogged conditions have mechanisms such as increased availability of soluble sugars, aerenchyma formation, greater activity of glycolysis and fermentation, and involvement of antioxidant defence mechanisms to cope with the oxidative stress induced by flooding (Ahmed et al., 2013) . Formation of adventitious roots has also been observed in many flooded plant species (Jackson and Armstrong, 1999; Gibberd et al., 2001; Rubinigg et al., 2002) , including soybean (Valliyodan et al., 2014; Kim et al., 2015) .
Plant hormones have long been known to play significant roles in root development and growth. Ethylene has been found to play an important role in promoting root hair formation (Zhang et al., 2003) . Ethylene accumulates rapidly under flooding conditions, and it activates a flooding-adapted growth response in deep-water rice, due to its reduced diffusion rate in water (Visser and Voesenek, 2004) . The production of ethylene increased in waterlogged soybeans, with a significantly greater increase in tolerant lines than in sensitive lines (Kim et al., 2015) .
The genetic diversity of flooding tolerance has evolved through the geographic adaptation of plants, as seen in cereal crops including rice (Mohanty and Khush, 1985; Haque et al., 1989) , wheat (Huang et al., 1994; Setter et al., 1999) , barley (Takeda and Fukuyama, 1986; Qiu and Ke, 1991; Pang et al., 2004) , and maize (Mano et al., 2002; Tripathi et al., 2003; Tang et al., 2005) . QTL mapping and map-based gene cloning can identify genomic regions associated with flooding tolerance. DNA markers associated with the mapped loci can be developed to facilitate breeding practices through MAS. In deep-water rice, the gene Submergence 1 (Sub1) was found by map-based cloning to be an ethylene response factor underlying natural variations in water-submergence tolerance (Xu et al., 2006) . Two rice genes that responded to ethylene signalling pathways, named SNORKEL1 and SNORKEL2, were also cloned (Hattori et al., 2009) . Initial QTL mapping has also been conducted in other cereal crops. Multiple QTLs have been mapped in wheat (Poysa, 1984; Taeb et al., 1993; Cao et al., 1995; Burgos et al., 2001; Boru et al., 2001; Yu and Chen, 2013) , barley (Li et al., 2008; Zhou, 2011; Zhou et al., 2012) , and maize (Qiu et al., 2007; Zaidi et al., 2015) . Crop flooding tolerance can be improved by incorporating the tolerance traits from the identified donor lines into current cultivars. Using MAS, the Sub1A allele has been incorporated into high-yielding rice varieties (Septiningsih et al., 2009) , and these new varieties exhibit improved submergence tolerance (Sarkar and Panda., 2009) .
Genetic variation in flooding tolerance was also studied in soybean germplasm (Fig. 1B) . The introduction of associated genomic regions into elite lines can prevent substantial yield losses during flooding stress (Scott et al., 1989; Shannon et al., 2005; Rhine et al., 2010; VanToai et al., 2010) . Shannon et al. (2005) screened a core set of 350 soybean germplasm lines for tolerance to flooding during the early reproductive stages. The flooding-susceptible lines lost approximately twice as much yield as the flooding-tolerant lines, while the exotic PIs had much better tolerance than cultivars. Several cultivated germplasm lines (G. max) were identified as potential donors for breeding for flooding tolerance, including Archer, Misuzudaiz, PI 408105A, PI 561271, PI 567651, and PI 567343 (Table 1) . Our recent studies identified wild soybean accessions (G. soja) that exhibited excellent flooding tolerance and performed much better than exotic lines in flooding tolerance on average (unpublished results; Fig. 1B ). This suggests that wild soybean is an untapped genetic resource for breeding lines with improved flooding tolerance by reintroducing alleles associated with tolerance that were lost during the domestication of current cultivars.
Genetic mapping of soybean populations has identified genomic regions associated with flooding tolerance (Fig. 2) . VanToai et al. (2001) mapped one QTL on Chro. 18 that is associated with the simple sequence repeat marker Sat_064 in two recombinant inbred populations from the donor parent Archer. The allele from Archer improved plant growth by 11-18% and yield by 47-180% under waterlogging stress in two growing years. This flooding-tolerance QTL from the two mapping populations was unique and not associated with other agronomic traits (flowering, plant height, or yield) under non-stress conditions. Although the Sat_064 QTL is colocated with the Rps4 gene for Phytophthora sojae resistance, the donor parent Archer does not contain the Rps4 resistance allele, which indicates that the Sat_064 QTL is unique for flooding tolerance in soybean. This QTL was further confirmed in near-isogenic lines (NILs) derived from heterogeneous inbred families in the F 6 generation (Cornelious et al., 2006) . The tolerant NILs produced an average of 60.9% of non-stressed yield, compared with only 32.6% of non-stressed yield in the sensitive NILs. Two additional flooding-tolerance QTLs were also mapped to be associated with markers Satt385 on Chro. 5 and Satt269 on Chro. 13 through bulk-segregation analysis and partial linkage mapping (Cornelious et al., 2005) . The favourable alleles of these two QTLs were from Archer. This study also noted that flooding tolerance may be associated with resistance to P. sojae in soybean, because some of the significant markers associated with flooding injury scores were found to be co-located with Rps genes or QTLs for partial resistance to P. sojae (Cornelious et al., 2005) . Githiri et al. (2006) mapped seven QTLs for yield under flooding stress with donor alleles from Misuzudaizu, but the major QTL was found to be tightly linked with flowering time and the others were not repeatable across years. The higher yield under stress due to the major QTL could result from a longer recovery period before the reproductive stage, because flowering is delayed. Recently, two QTLs were mapped on Chro. 11 (FTS-11) and 13 (FTS-13) in the S99-2281 × PI 408105A cross at an early reproductive stage; these QTLs were associated with both flooding injury score and flooding yield index (Nguyen et al., 2012) . The major QTL FTS-13, with an R 2 of up to 18.3% and detected in multiple locations and years, was found to be associated with partial resistance to P. sojae (Nguyen et al., 2012) . This is direct evidence for the association between flooding tolerance and P. sojae resistance in soybean. It suggests that the incorporation of flooding-tolerance traits would also enhance resistance to root fungal diseases such as P. sojae. The association between flooding tolerance and P. sojae resistance was confirmed by recent studies in the author's laboratory. One major QTL was mapped to associate with both flooding tolerance and P. sojae resistance, and it was found to be regulated by the auxin pathway (unpublished results). Information on the genomic regions associated with flooding tolerance has recently been utilized in the soybean in a breeding programme. The University of Missouri breeding programme has developed three flooding-tolerant germplasm lines (Table 1) through MAS, and these lines have yield potential within 90% of commercial checks under non-stress conditions and outperform the commercial checks by 0.7-1.0 tonnes/hectare under severe flooding.
Impact of genomic resources and strategies on crop improvement
Adverse effects of abiotic stresses, including drought and flooding, significantly impact food crop production, hindering the increasing global demand for food. In this context, soybean breeders need modern tools and approaches, including new sources of genetic diversity, to improve the yield and sustainability of crop production. Next-generation genomic technologies are increasingly utilized, and their application in breeding for enhanced yield and improved plant performance is inevitable. Plant breeders have recently started using high-resolution genome information for germplasm characterization and genetic dissection of major agronomic traits, as well as in breeding value prediction, towards the efficient development of improved varieties. With the development of next-generation and cost-effective sequencing platforms, the speed of plant genome sequencing has also accelerated. This has resulted in the re-sequencing of selected populations of several plant species, including Arabidopsis (The 1001 Genomes Consortium, 2016), rice (The 3000 Rice Genomes Project, 2014), cucumber (Cucumis sativus) (Qi et al., 2013) , and sorghum (Mace et al., 2013) , as well as in the development of more reference genomes for crops (Goff et al., 2002; Huang et al., 2009; Paterson et al., 2009; Schnable et al., 2009; Xu et al., 2011; Chalhoub et al., 2014) . These resources have aided in the generation of high-resolution genomic information and a large number of SNP markers for each species.
A complete reference genome for soybean was available (Schmutz et al., 2010) 10 years after the first model plant genome release (The Arabidopsis Genome Initiative, 2000) . After this, several efforts were initiated to develop soybean genomic resources that could be utilized in genetic analysis and trait discovery. Before the soybean reference genome was available, Hyten et al. (2006) reported the loss of several rare sequence variants and numerous allele frequency changes during the process of soybean domestication. Re-sequencing of a selected germplasm pool of soybean aided in the development of a comprehensive overview of the diverse population and allowed domestication signatures and rare allelic variations to be captured. Re-sequencing a diverse set of 31 soybean lines at a lower sequencing depth (~5× genome coverage) revealed higher linkage disequilibrium than was found in other crop plants and showed higher allelic diversity in wild soybean than in the cultivated accessions (Lam et al., 2010) . Zhou et al. (2015) re-sequenced a population comprising 302 diverse soybean lines at 11× genome coverage and enhanced the genome variation matrix. A GWAS, using this matrix, was used to identify several new loci for agronomic traits, including oil content, plant height, and pubescence form. Recently, Valliyodan et al. (2016) sequenced (~17× genome coverage) a core set of 106 soybean germplasms representing a wide variety of geographic origins and exhibiting desirable traits used in US soybean crop improvement programmes. A comparison of wild, landrace, and elite genome sequences revealed a high percentage of domestication sweeps associated with artificial selection during soybean domestication. Additionally, genotype-phenotype association studies have revealed novel alleles associated with various traits, including seed composition traits such as total oil and protein content, as well as yield components and salinity tolerance. The re-sequencing information from a large population of diverse soybean lines became a foundation for deeper and more comprehensive analysis of haplotype blocks underlying major genes; one example of this is the haplotype analysis of salinity-tolerance genes in soybean .
Various genotyping methods that leverage genome sequencing information have been developed. After sequencing small fragments of a limited number of genes, Hyten et al. (2010) developed an initial SNP detection assay to identify a large number of SNPs and create a higher-resolution genetic map, which influenced various genetic analyses. This was followed by the re-sequencing of reduced representation libraries from six cultivated and two wild soybean species. This allowed the identification of more SNPs and the development of an Illumina Infinium BeadChip with 50 000 soybean SNPs . This information was utilized to construct high-resolution genetic linkage maps to improve the available reference genome assembly and genetic analysis (Song et al., 2016) .
Cost-effective sequencing technologies offer an alternative high-throughput genotyping approach called genotyping by sequencing (GBS). This includes both restriction digest-based and whole-genome skim sequencing-based genotyping methods. Integration of restriction enzyme-based GBS and GWAS has yielded improved resolution of associated genomic regions than has bi-parental mapping (Sonah et al., 2015) . In contrast, it has been demonstrated that lowcoverage whole-genome sequencing-based genotyping significantly improves genomic region resolution and helps to pinpoint genes associated with major traits, for example, root-knot nematode resistance in soybean (Xu et al., 2013) . Several mapping populations generated for the genetic dissection of drought-and flooding-tolerance traits are in the skim sequence genotyping pipeline in the authors' laboratory for the discovery of associated genes and the development of genetic markers (unpublished results).
Another significant advantage of the recent increase in genomic information is comparative genome analysis. Following the release of the soybean reference genome, reference genomes for major legume crops such as pigeon pea (Cajanus cajan) (Singh et al., 2012; Varshney et al., 2012) , chickpea (Jain et al., 2013; Varshney et al., 2013; Parween et al., 2015) , common bean (Phaseolus vulgaris) (Schmutz et al., 2014) , and peanut (Bertioli et al., 2016) were developed. Comparative genomic analysis will illustrate genomic structural changes, genome synteny, and gene structures and predicted functions among closely related legume species. For example, it has been found that pigeon pea and soybean have a similar number of drought-responsive genes (Varshney et al., 2012) .
Genomic resources generated from these analyses will provide powerful tools for characterization of soybean genetic diversity and a strong foundation for trait discovery, as well as next-generation breeding tools to accelerate future breeding for elite cultivars.
Conclusions and future perspectives
Global climate change has increased the unpredictability and severity of drought and flooding stresses, threatening the sustainability of crop production and food security. Natural genetic variations that reflect plant evolution in diverse ecological environments are being identified in several crop species, including soybean. Using lines with these natural variations as the donor lines in breeding programmes can improve yield stability under both drought and flooding stresses. Identifying the crucial loci associated with this natural variation and transfer of the favourable alleles from stress-adapted loci to elite germplasm will accelerate the genetic improvement of soybean, leading to the development of better-yielding cultivars. Several QTLs associated with drought-tolerance traits such as RSA, canopy wilting, and nitrogen-fixation capacity have been identified in soybean. Thorough validation and fine-mapping of these QTLs are needed to pinpoint the candidate genes. QTLs or genes that allow a stable yield under stress conditions can be lost during domestication processes owing to their linkage to negative loci or to pleiotropic effects. Fine-mapping efforts can help determine whether the yield drag effects are due to pleiotropy or to linkage to other negative loci. The tight linkage of the stress-tolerance QTLs to the negative loci can be broken by screening a large population of segregants with optimal recombination of stress-tolerance QTLs, and the negative loci can be eliminated relatively easily by MAS. In addition, cloning and functional characterization of the associated genes can improve the understanding of molecular and physiological pathways underlying naturally occurring and adapted stress tolerance.
High-throughput and cost-effective phenotyping and genotyping technologies are essential for the success of genomics-assisted breeding programmes. High-throughput phenotyping platforms that visualize RSA and monitor canopy status should have high priority. Canopy spectral reflectance data can be measured in a high-throughput manner with remote sensing and imaging. Recent research in soybean has shown that spectral reflectance in the near-infrared wavelengths (730-1305 nm) is highly correlated with agronomic traits (Christenson et al., 2015) , and this is a source of variation for further cultivar development. Cost-effective sequencing technologies have opened a new phase in genomics and genotyping, leading to the discovery of high-resolution genomic regions and functional markers associated with specific phenotypic traits. Allelic variations associated with stress-tolerance traits can be revealed by comparing sequences from wild, landrace, and elite soybean lines. The targeted editing of genomes by precision gene-editing tools including the CRISPR/Cas9 system enables the incorporation or restoration of these alleles for further improvement of stress tolerance. In addition to information from the soybean genome sequence, the availability of reference genomes and re-sequencing of various legume populations, including elite germplasms, will strengthen comparative legume genomics for molecular diagnostics and identification of evolutionary changes in key gene families associated with stress tolerance. Applying these genomic resources to next-generation breeding strategies will accelerate the genetic improvement of grain legumes, including soybean, leading to the development of cultivars with improved plant performance and yield.
